Abstract-This paper proposes the design of a 4 DOF exoskeleton robotic arm for rehabilitation. This proposed robot arm can be used easily with either the user's left or right arm. This robot arm is designed to have low inertia, high stiffness link, and zero backlash transmissions. It supports the patient's arm during rehabilitation which is a repetitive task and takes a period of time. Each joint of this exoskeleton can be rotated from -90 to 90 degrees. From the result of joint trajectory of exoskeleton, this exoskeleton can support the daily movement of human arm and can be utilized for both arms. Furthermore, this proposed robot arm can be applied as a therapeutic and diagnostics device for physiotherapy, assistive device for human power amplifications, a haptic device for virtual reality simulation, and a master-slave device for teleportation. 
I. INTRODUCTION
According to the data from the Stroke Center at the University Hospital, stroke is the second worldwide leading of death which is approximately 4.4 million of the total 50.5 million deaths each year [1] . In the United States, more than 4 million people survived from a stroke are disabled. Ten percents of stroke patients can be recovered almost completely but 75 percents of stroke patients will lose or have impaired motor function and 15 percents die after the stroke. Rehabilitation cost per person is approximately $140,048 [2] . Because of very expensive rehabilitation cost, most of patients are lack of opportunities for rehabilitation.
Recently, many robots have been used in rehabilitation and training tasks. In general, robotic rehabilitation can be categorized into two styles which are wearable and non-wearable. For arm rehabilitation, joints and links of the wearable rehabilitation robot are usually designed correspondingly to the patient arm such as the cableactuated dexterous exoskeleton for neurorehabilitation (CADEN)-7 [3] . The design of "CADEN" applies the cable-pulley to transmit torque/force from motor to each joint. This design can reduce weight of exoskeleton. ARMinIII [4] is designed to have 3 degrees of freedom for shoulder and 1 degree of freedom for elbow. Robotic Upper Extremity Repetitive Trainer (RUPERT) [5] has five actuated degrees of freedom for each joint which is Manuscript received August 7, 2014; revised December 14, 2014.
driven by compliant pneumatic muscle actuators (PMA). The Mechatronics and Haptic Interfaces (MAHI) [6] , [7] is designed to have 5 degrees of freedom for the elbow and forearm. The wrist of this exoskeleton is a 3-RPS (revolute-prismatic-spherical) joint. The non-wearable rehabilitation robots are usually adapted from the industrial robots but only one point of physical contact between patient wrist and the robot's end-effector such as MIT-MANUS [8] and MIME [9] . Both devices are designed for rehabilitation of shoulder and elbow joints. Benefits of wearable robotic rehabilitation are controlling and generating of force feedback to each user arm's joint. Those rehabilitation robots are usually designed for right or left arm only. On the other hand, the advantage of nonwearable robot is flexibility for rehabilitation but it cannot control or generate force feedback to all joints at the same time.
All previous robotic devices for rehabilitation have mentioned limitations. Hence, this paper proposes a new design of wearable robotic exoskeleton device which can be used for right or left arm. Moreover, this proposed exoskeleton device can control and provide force feedback to each joint of user during for rehabilitation and training.
II. REQUIREMENTS Upper arm rehabilitation device requires movement of shoulder joint and elbow joint for both arms. The movement of the shoulder and elbow are contributed to the rotation and translation of the wrist. Shoulder is the most complex joint in the human arm i.e., movement of the shoulder joint can be estimated as rotation in single ball-and-socket joint with 3 degrees of freedom. Elbow has a hinge joint which can rotate with 1 degree of freedom as shown in Fig. 1 .
Kinematics of the exoskeleton arm is relied on the human upper limb especially on arm. The human arm has 4 degrees of freedom which consist of abduction/ adduction, flexion/extension and lateral rotations/medial rotations of the shoulder and flexion/extension of the elbow. The workspace and torque capabilities of human arm can be shown in Table I . Therefore, the design of exoskeleton device should be considered correspondingly to these joint's ranges and torques. 
III. EXOSKELETON DESIGN
In the mechanical section, the proposed robotic exoskeleton arm is designed to have 4 degrees of freedom (DOF). Joint 1, 2, and 3 represent shoulder joints and joint 4 represents elbow joint. Link 1 and link 2 are aligned with the upper limb as shown in Fig. 2 . DHparameters in Table II A cable-driven actuating system is used to transmit force and torque to each joint of rehabilitation robot arm. Therefore, this design can reduce the robot arm's weight since the servo motors are not mounted on the robot arm. Furthermore, this robot arm is designed to be used with the left arm or right arm by rotating joint 2 about 180 degrees as shown in Fig. 3 . A cable-driven actuating system consists of two pulleys and bowden cable. Pulley 1 is a driving pulley and pulley 2 is a driven pulley. The pulley 2 is mounted at each joint. It can be rotated freely around that axis and force/torque sensed by load cell will transfer from the pulley to that joint. In the propose design, four force sensors are attached on the rehabilitation robot arm at each joint. Each force sensor can sense the external force exerted on each joint in clockwise and counterclockwise directions. The structure of force sensor mounted on each joint can be shown in Fig. 4 . The supporting section consists of two parts which are forearm mount and robot supporting frame. Forearm support is designed for the left or right arm. The robot supporting frame is shown in Fig. 5 . The design of forearm support is shown in Fig. 6 . This support utilizes the magnet to be attached and reattached with the main frame easily as shown in Fig. 7 . In the electrical and electronics section, AC servo motors are used for actuating the upper limb exoskeleton. Four-axis motion controller, NI PCI-7356, is used to control all motors at the same time. Force sensors are used to detect the physical forces which act on each joint of upper limb exoskeleton. Output from the force sensor has very low voltage so amplifier is used to magnify the signal from 10µV to 10V as shown in Fig. 8 . Amplifier is mounted closely to each joint for reducing noise from the signal cable. Then, the signal from amplifier will be sent to the main computer via DAQ card, NI USB-6210, as shown in Fig. 9 . In this exoskeleton arm system, the controller module, NI-motion controller, is used for receiving position and velocity command from the main computer and controlling all AC servo motors. It can communicate with each motor using CW-CCW pulse via AC servo driver as shown in Fig. 11 . The force receiving module, NI USB DAQ device, is used for receiving force signal from the force sensor via the force amplifier module. Force amplifier module as shown in Fig. 12 are mounted on each joint of exoskeleton. Table I , the proposed exoskeleton arm is designed to have 4 degrees of freedom. There are 3 degrees of freedom at the shoulder and 1 degree of freedom at the elbow. Each joint of exoskeleton motion can be rotated from -90 to 90 degrees. AC servo motor consumes about 750W with gearbox ratio of 50: 1. It is used to generate force/ torque to each joint via bowden cable. Maximum force at each joint of exoskeleton is more than 120 Nm. which can cover all motions of human arm as shown in Fig. 13-Fig.  16 . After three sets of experiments were conducted, the joint's angles and velocity trajectories of three gestures can be plotted. The right arm's trajectories are shown in Fig. 20-Fig. 25 . All trajectories were predefined and replayed to control the human model to move accordingly to those predefined paths. The controller can take care of arm's load and guide the arm from the starting point to the destination for both arms successfully. In the first gesture, exoskeleton moves the user arm along the x-axis. Joint 1 is rotated from -40 to 38 degrees, joint 2 is rotated from 40 to 60 degrees, joint 3 is rotated a little bit, and joint 4 is rotated from -80 to -38 degrees. For the second gesture, exoskeleton moves the user arm along z-axis. Joint 1 does not rotate, joint 2 is rotated from 80 to 60 degrees, joint 3 is rotated from 40 to 20 degrees, and joint 4 is rotate from -40 to -58 degree. In the last gesture, exoskeleton moves the user arm diagonally. Joint 1 is rotated from 0 to 22 degrees, joint 2 is rotated from 81 to 62 degrees, joint 3 is rotated from 40 to -5 degrees, and joint 4 is rotated from -40 to -62 degrees.
VI. CONCLUSIONS
The 4-DOF robotic exoskeleton arm was designed and built at the Institute of Field Robotics, King Mongkut's University of Technology Thonburi. The key object of this research is to reduce work load of physiotherapist. Therefore, this robot arm can rotate cover the range of -90 to 90 degrees for each joint. Hence, it covers the range of human joint's motion. The arm can be configured by rotating joint 2 to 180 degrees for the use of right or left arm. This exoskeleton arm can be utilized for rehabilitation and training purposes. The forward kinematics, inverse kinematics and trajectory planning of this device are created based on the Denavit-Hartenberg's parameter model. Force sensor and force amplifier modules are mounted on exoskeleton joints. They are used to receive physical forces from the user for controlling the motion of exoskeleton.
From experimental results, the trajectory of exoskeleton arm illustrated the joint's positions and joint's velocity. Motion of exoskeleton can move smoothly in its workspace with the model's arm. Maximum joint's velocity of exoskeleton arm is about 120 rpm. Moreover, there levels of safety were implemented. For mechanical safety, the arm was designed to be moved within the range of -90 to 90 degrees. For electrical safety, the large emergency switch was added to stop all servo motors' motions if it is pressed. For software safety, limited joint's angle command was implemented.
Future works of this research will focus on force control algorithm for controlling motion of exoskeleton joints smoothly corresponding with the motion of human arm joints. 
